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Using molecular dynamics (MD) simulation, we study the thermal shock behavior of tungsten (W), which has been
used for the plasma facing material (PFM) of tokamaks. The thermo-elastic stress wave, corresponding to the collective
displacement of atoms, is analyzed with the Lagrangian atomic stress method, of which the reliability is also analyzed. The
stress wave velocity corresponds to the speed of sound in the material, which is not dependent on the thermal shock energy.
The peak pressure of a normal stress wave increases with the increase of thermal shock energy. We analyze the temperature
evolution of the thermal shock region according to the Fourier transformation. It can be seen that the “obvious” velocity of
heat propagation is less than the velocity of the stress wave; further, that the thermo-elastic stress wave may contribute little
to the transport of kinetic energy. The heat propagation can be described properly by the heat conduction equation. These
results may be useful for understanding the process of the thermal shock of tungsten.
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1. Introduction

The thermal shock of a solid with a short-pulse high heat
flux load gives rise to many material behaviors, such as crack-
ing failure,!!! melting, recrystallization,”! and ablation,**!
which will influence the potential applications of the mate-
rial under extreme conditions. The plasma facing materi-
als (PFMs) in tokamaks must withstand high thermal fluxes,
plasma and neutron fluxes, and high mechanical stresses.
Their failures can lead to serious consequences for tokamak
working programmes. Therefore, a large amount of effort has
been made to perform the high heat load tests on PFMs in
recent years.!!:>3-161 The mechanisms of thermal shock are
complex. Tungsten (W) and tungsten-based materials are be-
ing considered to be used in the tokamak as PFMs, owing
to their low sputtering yield, low tritium retention, no chemi-
cal erosion, good thermo-mechanical properties and high ther-

(1.2.17-191 Currently, W has been designed to

mal conductivity.
be used for the divertor dome and baffle region.!'”) During
transient events, such as disruptions, edge localized modes
(ELMs), and vertical displacement events (VDEs), the divertor
armor materials can be exposed to high heat flux loads. Spe-
cially, a heat flux of 10 MW/m?~100 MW/m? with a duration
ranging from milliseconds to several seconds is predicted to
be produced in a VDE.[?! Therefore, in order to understand the
mechanisms of heat transport and material failure under such
extreme conditions, it is necessary to investigate the thermal
shock behavior of tungsten.
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In this work, we investigate the thermal shock behavior
under an ultrafast heat load, where we focus on the processes
of an instantaneous heat load of tungsten thin films. Numerical
simulations based on the molecular dynamics (MD) technique
play an important role in this field.>*18-20-27 Belonoshko!?’!
has investigated the Hugoniot equation of state at the transi-
tion of argon (Ar) from solid to liquid undertaken by shock
wave with a three-dimensional (3D) MD simulation. Upad-
hyay and Urbassek*! have studied the fragmentation patterns
of ultrathin metal films as a function of the initial energization

1.123] have analyzed the

with MD simulation. Urbassek ef a
heat transfer from a laser heated metal to an adjacent trans-
parent liquid dielectric with MD simulation. They have found
the Kapitza effect at the interface, which was also reported in
our early work.['32%271 Gu and Urbassek!®! have studied the
excitation of stress waves in crystalline Ar over layer films ad-
sorbed on the Pt substrate with MD simulation.

Our work is concerned with MD simulation of thermal
stress and heat propagation of tungsten under a sudden heat
flux load, which is important for understanding the process of
high heat load tests on tungsten. One aim of our simulations is
to study the mechanism and process of the thermal stress prop-
agation at the atomic level and its possible effects on material
failure. Another aim is to discuss the mechanism and process
of the heat propagation combined with many numerical meth-
ods.

The rest of this paper is organized as follows. In Sec-
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tion 2, we will briefly describe the interatomic potential that
we have used. In Section 3, we will explain the simulation
method in detail, including the simulation cell, some statisti-
cal physics methods, and the calculation of equilibrium unit
cell parameters. The results and discussion are presented in
Section 4.

2. Interatomic potential of tungsten

Tungsten exists in two major crystalline forms: alpha-W
and beta-W. The alpha-W has a body centered cubic struc-

e[28] and is in the

ture, belongs to the A2-type crystal structur
most stable form. Therefore, the alpha-W is used for our in-
vestigation and the atomic system is described by an empir-
ical N-body potential proposed by Finnis and Sinclair (F-S
potential).[?>3%] In the F-S potential, the total potential energy

of the system is expressed as

E=YV(rj)-AY, |} ¢, M
J>i i\ )

where V(r;;) is the central pair-potential energy between atom

i and atom j; it can be expressed as

2
V(rij) = { (rj =) (co ey +ear), my<ec, 2)

0, rij > ¢,
and ¢ (r;;) is the charge density of atom i derived from the con-
tribution of the extra-nuclear electron of atom j and it can be
expressed as

(r,'j—d)2—|—§(r,~j—d)3, rijgd,

o (rij) = 3

0, rij>d.

The seven parameters A, B, ¢, co, c¢1, ¢2, and d
are free for fitting experimental data or the crystal pa-
rameters. For tungsten, they are 18.96373 eV/nm, 0.0,
0.325 nm, 4713.46499 eV/nm?, —33766.5655 eV/nm?,
62541.999 eV/nm*, and 0.4400224 nm, respectively.>’]

3. Simulation method

Through solving the motion equation of the atoms inter-
acting with the F-S potential, MD can simulate the detailed
evolution behaviors of all atoms and calculate the physical pa-
rameter of the system. We simplify the process of single ther-
mal shock loading from the laser or electrons into such a pro-
cess that one part of the tungsten thin film is heated and the re-
maining part is not heated. Therefore, in order to simulate the
experimental thermal shock analogously, the schematic repre-
sentation of the 3D simulation cell is shown in Fig. 1. The
crystallographic orientations of the x, y, and z directions are
[100], [010], and [001]. The initial configuration for the simu-
lation cell consists of W atoms with m X n X n unit cells trans-
lated in the x, y, and z directions, respectively, with m being

200 and n varying from 6 to 10 in different simulations. Cal-
culations with various values of n show that n = 6 is sufficient
to obtain reliable results. In this paper, n is set to be 8.

As shown in Fig. 1, the right region of the simulation cell
is called the thermal shock region, which includes 1280 W
atoms and is imposed by the heat flux load through scaling
the velocities of these atoms in the region at the beginning
of the simulation. For the convenience of the discussion and
simulation, the remaining atoms are located at the equilib-
rium position (0 K) at the beginning. The atoms in the left
region (five atomic layers, the width is more than the cut-off
radius of the F-S potential) are kept fixed at their original posi-
tions at all times and periodic boundary conditions are applied
in the y and z directions for getting rid of the boundary ef-
fects. After the initial thermal shock, the system is allowed to
evolve freely. In this work, many cases with various thermal
shock energies are simulated, but the main features of the ther-
mal shock process will be described and analyzed particularly
in the case of a thermal shock energy of 1.30619x10° J/m?,
which means that the initial temperature of the thermal shock
region is set to be 1000 K initially.

x

Fig. 1. (color online) Schematic diagram showing the simulated sys-
tem. The atoms in the left region are kept fixed in the simulation and
the right part is thermal shock region.

The simulation cell is divided into several slice layers (s-
layer) along the x direction and some thermodynamic parame-
ters of these s-layers will be calculated by a statistical physics
method. The temperature can be calculated since the Boltz-
mann distribution function allows the straightforward deriva-
tion of the kinetic energy (Ex) in the following way:

N1, 3
E = Zimivi = 5NkBT, 4)
i

where N is the atomic number, m; the mass of atom i, v; the
atomic velocity, and kg is the Boltzmann constant. In the MD
simulation, the overall or the local atomic stress of systems
can be computed by Virial stress definition (c4p), i.e.,

1 1
Oup = VZ (—miviaviﬁ—F2Z(rja—ria)fijﬁ>, )
7 #i

where V is the reference volume, & or 8 denote the x, y or
z axis, Vvjg, and riy are the o-th component of the velocity
and the position of atom i and f;;s is the o-th component
of the force exerted on atom i by atom j. However, this
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kind of atomic stress is the intensity value of the atomic vol-
ume, which is entirely different from the finite element method

s.123] Tn order

(FEM) which is based on continuum mechanic
to correspond to the Cauchy stress, one of the most important
quantities in the theoretical framework of continuum mechan-
ics, the fundamental Lagrangian atomic stress!*'3?! is used to

calculate the atomic stress. The definition is

1
nop = < oy f,-He> : (6)
ieL

where 7 is the unit normal vector of the right plane of one s-
layer, m is the (1,0,0) in this work and o is the stress tensor.
Therefore, the left side of formula (6) is equal t0 (Oxx, Oy,
O,), the first one is normal stress, which can also be denoted
by o in this paper, and the remaining two are the shear stress.
L denotes the reference s-layer, A is the area of the n plane,
and fi. g is the force on atom /, exerted by the atoms out of
the n plane, which can be easily calculated by!3?!

ficr = fi— fier, @)

where f; is the total force acting on atom i and fic; is the
remaining total force acting on atom i after imaginarily re-
moving the atoms on the right side of the m plane. In the
MD simulation, f; can be calculated in the realistic system
and fic; can be calculated in the imaginary system only in-
cluding the atoms in the left hand of the n plane. Since the
fundamental Lagrangian atomic stress can be used to obtain
the correct Cauchy stress under any circumstance, *?! the La-
grangian atomic stress will be the main stress form to discuss
the thermal stress propagation in the remainder of this work.

Before the simulation of thermal shock, the equilibrium
unit cell parameter (a) is determined according to the poten-
tial energies of the system and the stresses of these s-layers.
The atomic internal energies and the stresses of simulation
systems with various cell parameters from a = 0.316495 nm
to 0.316555 nm are calculated. As shown in Fig. 2, the e-a
curve is the same as a parabola and the atomic internal energy
(€¢) is lowest when a is 0.316520 nm. A linear relationship be-
tween o, and a is observed and a is also equal to 0.316520 nm
when 6, = 0 Pa. Therefore, the equilibrium unit cell parameter
is 0.316520 nm. Based on the o,—a curve, the bulk modulus
can be deduced by the slope. The value is 310.5 GPa, which is
close to the reference value (310 GPa). This can also prove the
reliability of the Lagrangian atomic stress method. The shear
stress values are also plotted in Fig. 2. It can be noted that all
shear stresses are close to 0 Pa, which is due to the symmetry
of the atoms out of the n plane.

~8.9000016F \° oy 15.0x107
3 g
© —8.9000019 f 0 &
© 1S
—8.9000022 15 ox107

0.31650 0.31652 0.31654
a/nm

Fig. 2. The thick solid line (parabolic) denotes the atomic internal
energy-cell parameter (€—a) curve. The dash line is the normal stress-
cell parameter (Gx—a) curve. The thin (red) solid line is the shear stress-
cell parameter (G,,—a and G;—a) curve.

4. Results and discussion
4.1. Snapshots

Figure 3 shows the snapshots of the left part of the sim-
ulation cell (including 142 layers of atoms, about 22.5-nm
thick) at various times from 1 picosecond (ps) to 10 ps un-
der thermal shock of 1.30619x10° J/m>. In these snapshots,
atoms are colored according to their magnitude of kinetic en-
ergy and the red color means that the kinetic energy of the
atom is more than 0.005 eV (T ~ 50 K). It can be seen that
the kinetic energy spreads along the x direction after thermal
shock in the hot region due to the heat conduction. At the
time of 1 ps (Fig. 3(a)), the kinetic energy focuses on the part
near the thermal shock region and the left part is still perfect
crystalline (7" = 0 K). The evolution of the temperature profile
will be analyzed in detail in Subsection 4.3. In this case, the
vacancies, interstitial W atoms, and adatoms are not seen and
all atoms are arranged regularly. However, as shown in Fig. 4,

>0.005 eV

Fig. 3. (color online) The series of snapshots of the right part (142 lay-
ers) of the simulation cell at various times ((a): 1 ps, (b): 2 ps, (¢): 3 ps,
(d): 4 ps, (e): 5 ps, (): 6ps, (g): 7ps, (h): 8ps, (1): 9 ps, (§): 10 ps)
under thermal shock of 1.30619x10° J/m? at t = 0 ps. The color of the
tungsten atom denotes the temperature in Kelvin.
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with the energy of thermal shock rising from
3.91856x10% J/m? to 1.30619x10'" J/m?, some disorder
shows up in the thermal shock region and the W-vacuum
surface starts to rough and some W atoms are shown on the
W surface due to the thermal expansion of the thermal shock
region.

>0.005 eV

Fig. 4. (color online) The series of snapshots of the right part (164 lay-
ers) of the simulation cell at the time of 10 ps under various thermal
shock energies ((a): 0.39186, (b): 0.65309, (c): 1.30619, (d): 2.61237,
(e): 5.22475, (f): 7.83712, (2): 10.44949, (h): 13.06186) x10° J/m3
att = 0 ps. The color of the tungsten atom denotes the temperature in
Kelvin.

4.2. Stress

A quite general phenomenon induced by thermal shock
is the generation of stress waves. Figure 5 shows the normal
stress (o) results obtained with the Lagrangian atomic stress
method. It can be seen that normal stress spreads along the x
direction after the thermal shock. In our calculation, the nor-
mal stress wave has not yet reached the fixed region, which
is important that the complications due to wave reflection be
ignored. The first main normal stress peak is caused by sud-
den thermal expansion as the thermal shock is applied.?*! The
atoms lying in equilibrium position are first subjected to the
force from the right side of the s-layer. Therefore, the atoms
in one s-layer shift toward the x negative direction and then
toward the x positive direction, as shown in Fig. 6. The aver-
age atomic displacement of one s-layer (Ax) can be calculated
from the following formula:

Ax = Z(m —Ti10), ®)

where r;; and r;1¢ are the first component of the actual position
and equilibrium position of atom i of one s-layer respectively.
So the normal stress of the first main peak is negative, which
implies the compressive nature. The compressive region is
connected with the tensile region with a series of oscillations.
The bipolar nature of the stress wave demonstrates the col-
lective and coherent excitation of oscillations in the tungsten
crystal, as explained in Ref. [3]. It should also be noted that
the maximum average atomic displacement of one s-layer is

about 0.0008 nm (0.002a), which is far smaller than the va-
cancy criterion (0.3a).1*3! So there is no point defect occurring
in the case as shown in Fig. 3.
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Fig. 5. Evolutions of the normal stress (o) distributions along the x
direction (Lagrangian atomic stress method).
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Once the normal stress wave travels away from the
thermal shock region, it retains its shape and also its peak
value. The peak compressive and tensile pressures are of
a similar magnitude. For the case of thermal shock of
3.91856x 108 J/m?, the peak pressure is about 292 MPa (ten-
sile pressure peak). The tensile stress generated may lead to
the spallation of the material, when it becomes stronger than
the yield strength of the material.[*] However, at 77 K in the
[100] crystallographic orientation, the proportional limit of the

stress—strain curve of tungsten single crystal is 700 MPa,?*]

(351 have reported that the ideal tensile

and Roundy et al.
strength of [100] crystallographic orientation was 29.5 GPa.
Therefore, the thermal stress may not cause material failure
in such a thermal shock energy. However, the peak pressure
varies with thermal shock energy. As shown in Fig. 7, we ob-
tain the peak pressures at various thermal shock energies. It
can be seen that the peak pressure increases gradually with
the increase of thermal shock energy. The relationship be-
tween the peak pressure and thermal shock energy is almost
linear and the slope is 6.4346x 107, which is related to the
Gruneisen coefficient.[’!

After the normal stress wave of the thermal shock has
passed, the stress value returns to a relatively small value fluc-
tuated around 0. For the case of high thermal shock energy,
the feature is more obvious. The velocity of the normal stress
wave can be determined from Fig. 5 or Fig. 6; it amounts to

5272.8 m/s. This is in good agreement with the longitudinal
velocity of sound in the annealed tungsten, which can be de-
duced from pertinent elastic modulus (B)

v=1B/p,

where p is the density of tungsten (19.25388 g/cm3). So the
longitudinal velocity of sound in tungsten is 5220 m/s. For all

©))

cases with various thermal shock energies, the calculated nor-
mal stress velocities are also obtained, as shown in Table 1.
These variations appear to be rather small (< 1.5%), so the
normal stress wave velocities are independent of the thermal
shock energy.

1000 "

Peak pressure/ MPa

100

1 10
Thermal shock energy/109 J-m—3

Fig. 7. Peak pressures of normal stress wave increasing with the in-
crease of thermal shock energy.

Table 1. Normal stress wave velocities of various thermal shock energies.

Thermal shock energies/10° J-m~3 0.39186 0.65309

1.30619

2.61237 5.22475 7.83712 10.44949 13.06186

Wave velocities/m-s ! 5207.8 5272.8

5272.8
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Fig. 8. Evolutions of the Virial normal stress (o) distributions along
the x direction.
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The Virial stress results are also calculated as shown in
Fig. 8, which are almost entirely the same as the Lagrangian
atomic stress results. It is also proved that the Lagrangian
atomic stress method is reliable.

Figure 9 shows the shear stress (0,,) results obtained
with the Lagrangian atomic stress method. Compared with
the normal stress curve, the shear stress curve has a most ob-
vious feature, i.e., the velocity of the shear stress wave is less
than that of the normal stress wave velocity. The velocity of
the shear stress wave is 2877.8 m/s, which is well consistent
with the transverse velocity of sound in the annealed tungsten
(2890 m/s). Similarly, the shear stress wave velocities are in-
dependent of the thermal shock energy, as indicated by the
analysis in the cases of the other thermal shock energies.

4.3. Heat propagation

Heat propagation is accomplished through collective
movements of discrete atoms in the system. The evolution
of the local temperature (i.e., the kinetic energy) of the ther-
mal shock region is shown in Fig. 10. It can be seen that the
temperature changes dramatically with a period from O ps to
1.5 ps. As explained in Ref. [36], in order to identify the
modes and vibrations responsible for heat propagation, the
Fourier transform of temperature 7 (z) is performed by the fol-
lowing expression:

~+o0

F(v)= T (t)exp(—i2mvr) dt. (10)

—oo

As shown in Fig. 11, there exist two obvious wave peaks
in the power spectrum, which may be related to the transverse
These

modes reflect the dissipative characteristics of the evolution
361

wave phonons and the longitudinal wave phonons.

of the temperature (kinetic) in the thermal shock region.|
It should be pointed out that the Fourier transform curve is
smoothed to eliminate noise interference.

1000
800 F
600 f
<
[
400

200

9% 2 4 6 8 10

t/ps
Fig. 10. Evolutions of the local temperature of the thermal shock region.

Figure 12 shows the temperature distributions along the
x direction at different times. Compared with these snapshots
of various times (Fig. 3), the evolution of the temperature pro-
file is easy to understand. It can be seen that the temperature

near the thermal shock region drops gradually and the kinetic
energy diffuses toward the x negative direction. The veloc-
ity of heat propagation is difficult to determine from Fig. 12
and based on the obvious temperature wave front, the “obvi-
ous” velocity of heat propagation can be deduced to be about
2000 m/s, which is far less than the velocity of the stress wave.
Thermal energy is transported by phonons that travel randomly
in all directions. Therefore, the thermo-elastic stress wave may
contribute little to the transport kinetic energy.
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11 L L
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Fig. 11. Fourier transform (power spectrum) of the local temperature

of the thermal shock region. The typical frequencies are 8, 9.7 and
12.6 THz.
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Fig. 12. (color online) Local temperatures of these s-layers along the x
direction at various times.

In order to analyze the heat propagation problem, we
employ the following continuum approach.?>37-381 Consider
the following 1-d heat conduction problem of a semi-infinite
medium. The governing equation for the heat conduction
problem without the heat generation term in the medium can
be shown as

59T (x,t)  OT (x,1)

T TR (n
where a® = K /cp is the thermal diffusivity, K the thermal con-
ductivity, ¢ the specific heat capacity (the molar heat capacity
is 24.27 J/(mol-K)) and p the density of the medium. It is as-
sumed that these parameters are constant and independent of
the temperature of the medium. Here the initial condition is
T(x,0) = 0 and two boundary conditions are T(0,7) = Ty(¢)
and T (e0,1)=0, where Tp(¢) denotes the evolution of the lo-
cal temperature of the thermal shock region (7'(¢)). The above
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heat conduction equation can be solved with the Laplace trans-
formation in time and yields
2

(1) X

X Ty
T(x,t)—za\/ﬁ/0 (t_q;)3/2eXp<_4a2(t—r)>dT' (12)

Therefore, the MD results of the temperature distributions
along the x direction can be fitted by the above equation. Fur-
ther, for the case of 10 ps, the MD results and the fitting re-
sults are shown in Fig. 13. It can be concluded that the heat
propagation can be described properly by the above equation
based on the Laplace transformation. The thermal conductiv-
ity can be calculated from the fitting thermal diffusivity to be
K = 16.293 W/(m-K). The value is close to the lattice thermal
conductivity (17.28034 W/(m-K)) at 300 K. It should be noted
that the minor mismatch near the surface between the fitting
results and MD results may be explained by the surface effect.

150F 10 ps
MD results
— fitting results
100
&
=
50+
0
0 20 40 60

x/nm

Fig. 13. (color online) Molecular dynamics simulation results of local
temperature of these s-layers along the x direction at the time 10 ps; the
fitting results are obtained according to the heat conduction equation.

5. Conclusions

In this work, we investigated the thermal shock behavior
with a molecular dynamics (MD) simulation, including ther-
mal stress and heat propagation. Firstly, we visually analyzed
the process of thermal shock with some snapshots. Then we
analyzed the reliability of the Lagrangian atomic stress method
through comparing the reference results with the Virial stress
results. The thermo-elastic stress wave, corresponding to the
collective displacement of atoms in one system, travels with
the speed of sound into material. The normal stress wave ve-
locity corresponds to the longitudinal velocity and the shear
stress wave velocity corresponds to the transverse velocity,
which is independent of the thermal shock energy. The peak
pressure of a normal stress wave increases with the increase of
thermal shock energy, which may cause material failure in the
case of a high heat flux load. In order to identify the modes
and vibrations responsible for heat propagation, we calculated
the power spectrum of the temperature evolution of the ther-
mal shock region according to the Fourier transformation. It
can be analyzed that the “obvious” velocity of the heat propa-
gation is less than the velocity of the stress wave; further, the
thermo-elastic stress wave contributes little to the transport of

kinetic energy. The heat propagation can be described prop-
erly by the heat conduction equation. The MD results are in
agreement with the results obtained from a finite element sim-
ulation. These results can help understand the process of a
high heat load test on tungsten.
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